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Introduction
!
Inflammatory bowel disease (IBD) is an idiopathic
disease characterized by abdominal pain, severe
diarrhea, rectal bleeding, andweight loss, with in-
volved regions of the bowel often exhibiting an
intense infiltration of leukocytes, crypt cell hy-
perplasia, interstitial edema, and mucosal ulcera-
tions. The two major clinically defined forms of
IBD, Crohnʼs disease and ulcerative colitis, can
manifest either as chronic remittent or progres-
sive inflammatory conditions. Both are associated
with an increased risk for colon cancer [1]. Along
with extensive gut inflammation and tissue in-
jury, IBD is characterized by enhanced production
of reactive oxygen species (ROS), largely gener-
ated by nicotinamide adenine dinucleotide phos-
phate oxidase (NADPH oxidase), which is present
in the plasma membrane of phagocytic cells such
as macrophages and polymorphonuclear leuko-
cytes [2]. In IBD patients, nuclear factor (NF)-κB
plays a key role in the proinflammatory response,
resulting in the strongly enhanced expression of
proinflammatory genes and the recruitment of
excess inflammatory cells to the intestinal wall
[3]. Increased NF-κB expression in mucosal mac-
rophages is accompanied by an increased capacity
of these cells to produce and secrete proinflam-
matory cytokines such as tumor necrosis factor
(TNF)-α, interleukin (IL)-1β, and IL-6 [4].
Although the etiology and pathogenesis of IBD
have yet to be determined, various experimental
models of enterocolitis have led to a better under-
standing of the disease. Colitis in mice may be in-
ducedbychemicals suchasdextran sulfate sodium
(DSS) in drinking water, causing weight loss, diar-
rheawith blood, and shortening of the colon [5].
Corticosteroids and immunosuppressant drugs
constitute the basis of treatment for IBD but, be-
cause they do not always assure satisfactory out-
comes, better treatment strategies that effectively
attenuate the mucosal inflammation with fewer
side effects are sorely needed. Thus, dietary phe-
nolics may be an alternative or can be used com-
plementarily to control this disease [6–9]. Re-
cently, we have demonstrated the potential pro-
tective effect of a phenolic cocoa extract [10],
oleuropein [11], or shikonin [12] in the DSS-in-
duced mice ulcerative colitis. Furthermore, we
have established their mechanism of actions that
include inhibition of transcription factors such as
signal transducer and activator of transcription
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(STAT)1 and STAT3 [10], NF-κB [11], or both NF-κB and STAT3
[12]. Vanillic acid is a dietary compound that ameliorates the ex-
perimental colitis [13]. Similar to this compound is apocinyn or
4-hydroxy-3-methoxy-acetophenone (l" Fig. 1a), a constituent
of the Himalayan herb Picrorhiza kurroa Royle (Scrophularia-
ceae). It is used in experimental pharmacology as an inhibitor of
NADPH-oxidase complex [14]. An increasing number of in vivo
experiments have shown the potential of apocynin as a possible
anti-inflammatory drug in experimental arthritis [15] or airway
inflammation [16,17]. The anti-inflammatory effect of apocynin
in experimental Crohnʼs disease has been previously reported by
Palmen et al. [18] and Rachmilewitz et al. [19], however this is
the first time that apocynin is examined on a model of experi-
mental ulcerative colitis induced by DSS, and the mechanisms in-
volved, different from that of the known antioxidative action, are
discussed.
Results
!
Five clearly distinguished groups of mice were used in the study.
Except for the sham group, which received tap water with no ad-
ditives, all other groups of mice were given drinking water sup-
plemented with 5% DSS. Two of these groups were given diets
supplemented with apocynin or rutin to a final content of 2%
(w/w), and the third group received by oral gavage the reference
drug sulfasalazine (50mg/kg). Water consumption and diet were
checked every day; no differences among the experimental
groups were observed. Mice given 5% DSS in drinking water for
7 days developed signs of severe acute colitis without mortality.
Animals in the treatment groups consumed either 4.13 g of apoc-
ynin/kg or 4.35 g of rutin/kg daily, which in humans is equivalent
to 334mg/kg and 352mg/kg, respectively, according to the hu-
man equivalent formula [20].
One prominent sign of colitis was a gradual reduction in initial
body weight, however, significant recovery from a DSS-induced
decrease in body weight was observed in the apocynin group
(p < 0.001) as well as in the reference group (p < 0.05) (l" Fig. 2A).
The treated groups exhibited an improvement in the appearance
of feces and alleviation of bloody stool, which led to a marked de-
cline in DAI values (according to Cooper et al. [21]): 3.17 ± 0.08
(control group) vs. 1.56 ± 0.15 (apocynin group, p < 0.001),
2.14 ± 0.13 (rutin group, p < 0.01), and 2.08 ± 0.19 (sulfasalazine
group, p < 0.05). Throughout the study, a group of mice receiving
apocynin or rutin alone showed no significant alterations in the
body weight and the inflammation score in comparison with
sham mice (data not shown). Macroscopic examination of colon
specimens after 7 days of DSS treatment revealed significant
differences in length reduction (l" Fig. 2B). It was significantly
lower in the colitis than the normal colons: 5.29 ± 0.21 cm
(control group) vs. 9.18 ± 0.39 (sham group, p < 0,001). This effect
Fig. 2 Effect of apocynin, rutin, and sulfasalazine
treatment on acute DSS colitis. Balb/C mice were
given water alone, 5% DSS in drinking water, or a
combination of 5% DSS in drinking water and stan-
dard feed supplemented with apocynin or rutin (2%
final content w/w) and sulfasalazine by oral gavage
(50mg/kg in 0.2mL of water). A Total DAI score.
The index was scored in accordance with the scor-
ing system in l" Table 1. B Colon length. C Colon
weight-to-length ratio. * P < 0.05, ** p < 0.01,
*** p < 0.001; significantly different from the con-
trol group (n = 6).
Fig. 1 Chemical structure of apocynin (a) and rutin (b).
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was prevented by apocynin (6.70 ± 0.20 cm, p < 0.05) and rutin
(6.92 ± 0.39 cm, p < 0.05). In the sulfasalazine group, we observed
a moderate and no statistical significant effect (5.80 ± 0.14 cm).
Significant increase in the colonic weight/length ratio (measured
as a marker of tissue edema) was observed in the colitic mice
(l" Fig. 2C): 37.61 ± 1.85mg/cm (control) vs. 25.09 ± 1.02 (sham
group, p < 0,001). Apocynin, rutin, and the reference drug sig-
nificantly decreased this ratio: 31.00 ± 0.90mg/cm (apocynin,
p < 0.05), 29.05 ± 1.25mg/cm (rutin, p < 0.01), and 29.30 ±
2.88mg/cm (sulfasalazine, p < 0.01).
Sham mouse colon sections showed the epithelium intact with a
well-defined crypt length and no infiltration of edema neutro-
phils into mucosa or submucosa and no ulcers or erosions
(l" Fig. 3A; day 7). In contrast, colon tissue fromDSS-treatedmice
(control) showed mucosal injury with loss of crypts and epithe-
lial integrity as well as severe inflammatory cell infiltration
(l" Fig. 3B). Morphological alteration associated with DSS treat-
ment was reduced upon dietary supplementation of 2% apocynin
(l" Fig. 3C) keeping the colonic architecture and reducing epithe-
lium loss. After oral rutin treatment, only a slight reduction of in-
flammatory cells and epithelium loss were observed (l" Fig. 3D).
After 7 days of DSS treatment, MPO activity markedly increased
to a level approximately 6 times higher than that observed in
the sham group (l" Fig. 4A). This index of neutrophil infiltration
was significantly lower in the apocynin group in comparison
with the control group: 22.93 ± 2.60 (control) vs. 14.10 ± 1.67
(apocynin; p < 0.05).
To determine the effect of apocynin and rutin on the production
of major inflammatory mediators playing a key role in the patho-
genesis of IBD, we analyzed the production of NO, selected cyto-
kines, and PGE2 in the colonic tissue after 7 days of DSS treat-
ment. The total colonic NO content was about 22 times that of
noncolitic mice, an increase that was mainly observed in the dis-
tal colon rather than in the middle or proximal colon. Dietary
supplementation with apocynin and rutin significantly and com-
pletely inhibited DSS-induced NO production, lowering it to the
levels observed in noncolitic mice, especially in the distal area
(l" Fig. 4B): 161.12 ± 9.72 µM of NO per mg tissue (control) vs.
1.42 ± 0.14 µM of NO per mg tissue (apocynin, p < 0.001) and
3.70 ± 0.69 µM of NO per mg tissue (rutin, p < 0.001).
The PGE2 levels increased approximately 5-fold (p < 0.001) upon
DSS administration, but dietary supplementation with apocynin
and rutin significantly counteracted PGE2 production at day 7
(l" Fig. 4C): 1581.62 ± 135.03 pg/mL PGE2 per mg tissue (control)
vs. 1180.50 ± 93.04 pg/mL PGE2 per mg tissue (apocynin, p < 0.05)
and 1176.54 ± 81.39 pg/mL PGE2 per mg tissue (rutin, p < 0.05).
The expression of iNOS was found to be remarkably increased in
the colons of mice with DSS-induced colitis (l" Fig. 5A), while
apocynin and rutin significantly reduced its expression by 54%
and 72%, respectively (p < 0.001). Similar results were found for
the induction of COX-2 (l" Fig. 5B). Either apocynin or rutin sig-
nificantly prevented the upregulation of COX-2 by 49% and 59%,
respectively (p < 0.05).
The production and the mRNA expression of proinflammatory
cytokines in apocynin- and rutin-treated mice with DSS-induced
colitis were compared with those of colitic and noncolitic mice.
Throughout DSS treatment, production of IL-1β, IL-6, TNF-α, and
IFN-γ was significantly enhanced in the control group vs. the
sham group, while treatment with apocynin prevented it (l" Ta-
ble 2). To gain further insight into the molecular mechanisms
underlying the amelioration of colitis by apocynin and rutin, we
measured the mRNA expression levels of these inflammatory cy-
tokines in the colon (l" Fig. 6A–C). Colonic tissues treated with
DSS alone showed elevated IL-1β, IL-6, and TNF-αmRNA expres-
Table 1 Criteria for scoring the
disease activity index. DAI val-
ue = the combined scores of
weight loss, stool consistency, and
bleeding divided by 3. Adapted
from Cooper et al. [21].
Score Weight loss (%) Stool consistency Rectal bleeding
0 None Normal Normal
1 1–5 Soft Occult
2 5–10 Loose Slight bleeding
3 10–20
4 > 20 Diarrhea Gross bleeding
Fig. 3 Effect of dietary supplementation with
apocynin and rutin on histological parameters in
acute DSS-induced colitis in mice. Four representa-
tive colonic hematoxylin/eosin sections: mice re-
ceived either fresh tap water (A), fresh tap water
with 5% DSS (B), or fresh tap water with 5% DSS and
treatment with apocynin (C) or rutin (D). Original
magnification, 200×. (Color figure available online
only.)
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sion over basal levels, whereas mice whose diet had been supple-
mented with apocynin and rutin exhibited considerably reduced
colonic mRNA expression of these entities. We also examined the
levels of VCAM-1mRNA and found that apocynin and rutin treat-
ments significantly decreased mucosal VCAM-1 mRNA expres-
sion, as shown in l" Fig. 6D. These results suggest that the inhib-
itory effect of apocynin and rutin on DSS-induced production of
proinflammatory cytokines takes place at the transcription level.
In our study, we have observed a significant reduction in STAT3
levels in the DSS-treated group (l" Fig. 7A), which indicates in-
creased activity of this transcription factor in the colon tissue of
colitic mice as compared to noncolitic mice. After oral treatment
with apocynin and rutin, STAT3 was significantly downregulated
to normal values (p < 0.01). Treatment with apocynin and rutin
regulated the activation of NF-κB p65 in the tissues affected by
colitis (l" Fig. 7B). After treatment with apocynin and rutin, acti-
vation was significantly reduced by 52% (p < 0.001) and 23%
(p < 0.05), respectively.
Discussion
!
Murine DSS-induced colitis is a recently validated experimental
model encompassing both conventional and novel biological
therapies currently used to treat IBD patients [22]. Data above
shows that first-line treatment with 5-ASA compounds has lim-
ited effects on this model. One explanation could be that after
oral administration in mice, there is insufficient colonic expo-
sure. Whereas sulfasalazine is used in human chronic disease to
prevent relapses as well as in mild to moderately acute disease, it
is not generally employed in the treatment of severe acute at-
tacks, for which other treatment drugs are more successful [23].
In this paper, we have found similar results, which suggests that
the treatment period was too short for sulfasalazine to be effec-
tive. We found that apocynin or rutin incorporated into the nor-
mal diet of mice at a final concentration of 2% during seven days
attenuated both the macroscopic and histopathological altera-
tions induced in the colon by DSS and generally reduced disease
severity. Our results with rutin are in agreement with those of
Kwon et al. [24] and are very similar to those of other flavonoids
recently reviewed by Hur et al. [25].
Although previous reports have demonstrated the protective ef-
fects of apocynin on Crohnʼs disease through the inhibition of
ROS production and the influx of inflammatory cells into the co-
lon [18,19], this is the first time that its effects on DSS-induced
colitis have been studied. More recently, published studies have
reported its anti-inflammatory activity on an experimental mod-
el of acute carrageenan-induced lung inflammation through its
ability to reduce infiltration of neutrophils in lung tissues, de-
crease the production of TNF-α and IL-1β and inhibit the expres-
sion of adhesion molecules while reducing the level of NF-κB p65
and iNOS in lung tissues [16]. In this research, the proposed
mechanism of action for apocynin as an anti-inflammatory agent
involves the inhibition of NADPH oxidase, thereby interfering
with ROS production. This is vital, as increased levels of ROS are
responsible for MAPK and NF-κB expression as well as the subse-
quent PARP-mediated endothelial injury and the infiltration of
polymorphonuclear cells into the affected tissue, which leads to
the release of proinflammatory cytokines and tissue damage. If
apocynin does indeed act by blocking ROS production, it may re-
duce harmful effects to the inflamed tissue in the early stages of
the inflammatory process.
Our results are in agreement with this hypothesis, but we also
observed decreases in TNF-α, IL-1β, NF-κBp65, and iNOS levels
in the bowel tissues. Because the role of NADPH-oxidase in DSS-
induced ulcerative colitis is less than that of iNOS [2], it seems
clear that additional mechanisms must be involved. However, it
was also previously reported that blocking both iNOS and NADPH
oxidase is more effective in protectingmice from DSS-colitis than
blocking either component alone [2]. Several reports have dem-
onstrated that both leukocyte recruitment and mucosal damage
in experimental models of colitis are blocked by immune-neu-
tralization of endothelial vascular cell adhesion molecule-1
(VCAM-1) [26,27]. Moreover, apocynin and rutin (a known anti-
oxidant agent) were shown to reduce the recruitment of
polymorphonuclear cells into the mucosa through their effect on
the expression of proteins involved in cell evasion from the
bloodstream, such as VCAM-1.
Fig. 4 Effect of apocynin and rutin supplemented diet on: A MPO activity
induced by DSS in mice, B NO, and C PGE2 production in colon homoge-
nates after 5% of DSS for 7 days. Data are expressed as the mean ± SEM of
three experiments involving six to eight mice per group. * P < 0.05,
** p < 0.01, *** p < 0.001; significantly different from the control group.
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Another marker of inflammatory response in the colonic mucosa
is MPO activity, which is related to neutrophil infiltration. Leuko-
cyte infiltration is an important source of reactive oxygen and ni-
trogen species, which contribute to local tissue damage during
inflammation. DSS was found to induce a marked increase in co-
lonic MPO activity compared to controls. In our experiments,
both apocynin and rutin significantly decreased MPO activity in
mice with acute DSS-induced colitis, which is positively corre-
lated with the reduced leukocyte infiltration observed in colon
section tissue.
The precise role of NO in the pathophysiology of ulcerative colitis
is controversial. Rumi et al. [28] reported that endogenous NO ex-
erts a biphasic influence on DSS-induced colitis, depending on
the NOS isoenzyme. The NO produced by inducible NOS (iNOS),
for example, has a detrimental effect on the development of coli-
tis. In our results, the enhanced NO release in colon tissue from
colitic animals is a toxicity marker, while the significant reduc-
tion observed in the treated animals could be due to the protec-
tive effect of apocynin and rutin. Similar results have been re-
corded for other important natural products, for example, curcu-
min [29].
NF-κB and STATs constitute two important families of transcrip-
tion factors that are activated in response to a variety of stimuli in
order to regulate multiple cellular processes, including the im-
mune response. These transcription factors have distinct and
synergistic effects on gene induction [30]. Because the activation
of NF-κB p65 is involved in colitis, its inhibition has been sug-
gested as an anti-inflammatory strategy in the disease [31]. We
thus studied the effect of apocynin on NF-κB p65 activation and
found that it was significantly reduced (52%) after treatment
with the compoundwith respect to the control group. In addition
to the role of NF-κB in the pathogenesis of ulcerative colitis,
STAT3 has also been implicated in the development of the disease
(through the production of IL-6) as well as in its evolution to-
wards dysplasia and cancer [32]. Indeed, patients with active ul-
cerative colitis have significantly more IL-6 and phospho-STAT3-
positive epithelial cells than either patients with inactive ulcera-
tive colitis or healthy volunteers [33].
STAT3 activation plays a prominent role in promoting inflamma-
tion in DSS-induced colitis [34]; therefore, suppression of STAT3
activity may be necessary for the elimination of inflammation in
the colon. When we studied the levels of cytosolic STAT3 in the
colon tissue of the mice, we observed a significant reduction in
the STAT3 levels of the DSS-treated group, which indicates an in-
creased activity of this transcription factor in the colon tissue of
colitic mice as compared with that of noncolitic mice. Oral treat-
ment with apocynin significantly downregulated STAT3 to nor-
mal values.
Table 2 Effects of apocynin and rutin on the production of colonic inflammatory cytokines (pg/mg protein) in DSS-induced colitis.
Group IL-1β IL-6 TNF-α IFN-γ
mean ± SEM %I mean ± SEM %I mean ± SEM %I mean ± SEM %I
DSS 151.8 ± 5.9 – 108.9 ± 8.0 – 156.8 ± 9.8 – 55.8 ± 6.6 –
Water 63.3 ± 2.6 – 50.1 ± 2.3 – 69.6 ± 0.9 – 21.9 ± 0.3 –
DSS + apocynin 119.8 ± 6.3* 36 65.5 ± 8.5* 74 88.6 ± 26.2* 78 30.0 ± 3.8* 76
DSS + rutin 121.8 ± 16.0 34 73.8 ± 9.9* 60 71.8 ± 17.4* 97 9.1 ± 0.2* 100
* Different (p < 0.05) from DSS group; n = 6
Fig. 5 Effect of apocynin and rutin supplemented
diet on (A) iNOS and (B) COX-2 expression in the
colon tissue after 5% of DSS for 7 days. Levels were
normalized against β-actin. *** P < 0.001; signifi-
cantly different from the control group (n = 6–10).
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With regard to similar compounds and their effects on experi-
mental IBD, several studies on vanillic and syringic acids [13,35]
are noteworthy. For example, treatment with the former has
been shown to reduce the experimental weight loss and colon
shortening caused by DSS, as well as the levels of TNF-α, IL-1β,
IL-6, and COX-2 at the site of inflammation. Because the levels of
these inflammatory mediators are elevated in ulcerative colitis
patients, their reduction by vanillic acidwas proposed as a poten-
tial mechanism of action. Moreover, vanillic acid downregulated
NF-κB p65, which led to a considerable reduction in the pro-
duction of proinflammatory cytokines and inducible enzymes,
thus justifying the inhibitory effects of this compound on ulcer-
ative colitis through the regulation of NF-κB p65 activation [13].
The pharmacological potential of apocynin as a specific inhibitor
of the phagocytic oxidative burst was discovered in a screening of
the roots of Picrorhiza kurroa, a plant used in Ayurvedic medi-
cine, for antioxidant principles [36].
Frequently, therapy in IBD patients with anti-inflammatory or
immunosuppressant drugs is ineffective or is associated with
many well-known adverse effects. According to Wong et al. [37],
up to 50% of pediatric IBD patients have used complementary
and alternative therapies. Recently, Suskind et al. [38] published
the first study on the tolerability of curcumin in pediatric IBD pa-
tients. The pilot study suggests that curcumin may be used as an
adjuvant, combined with conventional medicine, with no clini-
cally significant adverse effects. In the same fashion, daily oral ad-
ministration of apocynin showed a good safety profile in asth-
Fig. 6 Changes in the mRNA expression of proin-
flammatory mediators in mice with DSS-induced
colitis. Proinflammatory gene expression levels of
A IL-1β, B IL-6, C TNF-α, D VCAM-1 to β-actin
were measured with densitometry. Representative
photographs from six independent experiments
with each gene. * P < 0.01, *** p < 0.001; signifi-
cantly different from the control group (n = 6).
Fig. 7 Effect of apocynin and rutin supplemented
diet on A STAT3 and B NF-κB p65 activation in the
colon tissue after 5% of DSS for 7 days. Levels were
normalized against β-actin antibody. Each bar rep-
resents the mean ± SEM of each group. * P < 0.05,
** p < 0.01, ** p < 0.001; significantly different
from the DSS group (n = 6–10).
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matic humans [39]. The primary aim of the current research was
to test the protective properties of apocynin on the development
of UC in the DSS-induced colitis in Balb/C mice. Further studies
are required to fully assess the use of apocynin as a novel comple-
mentary and/or alternative treatment in IBD patients.
Materials and Methods
!
Drugs and chemicals
DSS (MW; 36000–50000) was purchased from MP Biomedical.
Signal transducer and activator of transcription (STAT3) and NF-
κB p65 polyclonal antibodies were purchased from Santa Cruz
Biotechnology. COX-2 and iNOS polyclonal antibodies were ob-
tained from Millipore Corporation. TNF-α, IL-1β, IL-6, and IFN-γ
ELISA kits were purchased from eBioscience. PGE2 levels were
quantified with the aid of an enzyme immunoassay obtained
from Cayman Chemicals. β-Actin polyclonal antibody, peroxi-
dase-conjugated secondary antibodies, apocynin (purity 98%),
rutin hydrate (purity > 94% by HPLC), sulfasalazine (purity
> 98%), and all other chemicals were purchased from Sigma-Al-
drich.
Animals
Housing conditions and all experiments followed a protocol ap-
proved by the Institutional Ethics Committee of the University
of Valencia (Nº 108 A1233134999884, 28–01–2009), in accor-
dance with current Spanish legislation (RD1201/2005) and Hel-
sinki declaration. For 7 days before the experiments, six-week-
old female Balb/C mice weighing 18–20 g (Harlan Interfauna
Iberica) were kept in cages in groups of four or five and main-
tained under a 12-h light/dark cycle at 22°C with constant hu-
midity and fed with standard laboratory rodent diet and water
ad libitum. For administering apocynin and rutin in the diet, we
examined previously reported data for curcumin, a natural phe-
nolic used in both the TNBS [40] and DSS [41]-induced models of
IBD in mice.
Induction of DSS colitis and treatments
Acute ulcerative colitis was induced by administering a 5% DSS
(w/v) solution, supplied as drinking water for 7 days ad libitum.
The mice were randomly assigned to one of five groups: sham
group (mice received drinking water and control diet, n = 5), DSS
group (mice received 5% DSS in drinking water and control diet,
n = 10), DSS + apocynin group (mice received 5% DSS in drinking
water and diet supplemented with 2% apocynin, n = 8), DSS + ru-
tin group (mice received 5% DSS in drinking water and diet sup-
plemented with 2% rutin, n = 8), and sulfasalazine group (mice
received 5% DSS in drinking water and control diet. Sulfasalazine
was administered orally at 50mg/kg since the first day in a vol-
ume of 10mL/kg of drinking water, n = 5). Fresh diets were pro-
duced daily as described previously [42], by mixing powdered
food with products (2% apocynin and rutin, final content). Then,
water and a microwave-melted agar (0.2% final content in the di-
et, w/w) were both added and mixed well. The food was dried for
24 h and divided into portions based on an estimated consump-
tion of 4 g of dry matter/mouse/day. Body weight and food and
drink consumptions were monitored every day for 7 days, after
which the animals were sacrificed by means of cervical disloca-
tion. The abdomen was dissected, and the colon was removed.
Two additional groups of Balb/C mice were fed either the apocy-
nin- or rutin-supplemented diet without DSS for 7 days in order
to study the effects of both products on healthy mice. Three colon
samples were prepared for histological analysis as described lat-
er, and the rest were rinsed with cold PBS, blotted dry and
weighed, and their length was measured to determine the
weight/length ratio. Then, samples were frozen immediately in
liquid nitrogen and stored at − 80°C until use.
Disease activity index (DAI)
To assess the severity of colitis, colon length and the colon
weight-to-length ratio were measured as indices of macroscopic
inflammation. The severity of clinical DSS-induced colitis was an-
alyzed in terms of average disease activity index (DAI), whichwas
calculated by scoring three major clinical signs: body weight re-
duction, stool consistency, and rectal bleeding. These parameters
were each assigned a score according to previously described cri-
teria [21]; the scores were then used to calculate a DAI for each
animal (l" Table 1). Body weight was measured daily after the in-
duction of colitis. Diarrhea and rectal bleeding were evaluated on
the last day of the experiment.
Histological analysis
For microscopic histological evaluation, colon samples were cut
longitudinally along the main axis and rolled from distal to mid.
They were then fixed in 4% buffered formaldehyde and em-
bedded in paraffin. Sections (4 µm) were cut and stained with
hematoxylin and eosin. Histological evaluation was carried out
by an experienced pathologist blinded to the experimental
groups who examined the intensity of mononuclear and
polymorphonuclear infiltrates in the lamina propria and the ex-
tent of crypt dilation, cellular destruction, and mucosal ulcera-
tion.
Assessment of leukocyte involvement
The colonic myeloperoxidase (MPO) activity was measured as a
marker of neutrophil infiltration according to the method pro-
posed by Suzuki et al. [43] and described previously [11]. Briefly,
frozen colonic tissues (150–200mg) were thawed and ground to
a fine powder in a liquid nitrogen-cooled mortar. A scoop (15–
20mg) of the resulting dry powder was then weighed and homo-
genized in an 80-mM potassium phosphate buffer (pH 5.4) con-
taining 0.5% hexadecyltrimethylammonium bromide (HTAB), an
ionic detergent previously shown to solubilize MPO. After ho-
mogenization had been achieved, the mixture was frozen-
thawed 3 times to release the contents of the primary granules
of the polymorphonuclear cells and then subjected to centrifuga-
tion at 12000 × g for 20min at 4°C. The supernatants were col-
lected, and MPO activity was assessed by measuring the H2O2-
dependent oxidation of 3,3′,5,5′-tetramethylbenzidine dihydro-
chloride hydrate (TMB). One unit of MPO activity was defined as
that degrading 1 µmol of hydrogen peroxide per 1min at 25°C,
expressed per gram of dry powder weight of tissue.
Colon tissue culture
Tissue from the colons to be cultured were washed with RPMI
1640 (Invitrogen) medium containing 2% fetal bovine serum
(FBS), penicillin, and streptomycin before being cut into small
pieces. Then, approximately 1 cm of tissue was placed in a 24-
well culture plate containing RPMI 1460 medium with 10% FBS
and antibiotics and incubated for 24 h at 37°C in 5% CO2.
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Measurement of cytokines
The concentrations of various proinflammatory cytokines, nota-
bly TNF-α, IL-6, IFN-γ, and IL-1β, were measured in the powdered
colon homogenate with the aid of an ELISA kit (eBioscience) in
accordance with the manufacturerʼs instructions.
PGE2 and NO determination
Nitrite levels in the colonic tissue culture mediawere determined
by means of the Griess reaction assay and presumed to reflect NO
levels. Briefly, 100 µL supernatant was mixed with 100 µL Griess
reagent (Sigma-Aldrich). The mixture was then incubated at
room temperature for 15min, after which the absorbance was
measured at 540 nm.
PGE2 levels in the powdered colon tissue samples obtained from
each group were determined using an immunoenzymatic meth-
od (EIA kit, Cayman Chemical) according to the manufacturerʼs
specifications.
Isolation of cytosolic and nuclear fractions from
mouse colons
Cytoplasmic and nuclear proteins were extracted as described by
Andújar et al. [12]. Frozen powdered colonic tissues (150–
200mg) were homogenized in 750 µL of ice-cold hypotonic buf-
fer A [10mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic ac-
id (HEPES), 10mM KCl, 1.5mM MgCl2, 0.5mM dithiothreitol
(DTT), 0.1mM EDTA, 0.5mM phenylmethylsulfonyl fluoride
(PMSF), and 1 µg/ml aprotinin, leupeptin, and pepstatin, pH 7.9].
Ipegal CA-630 nonionic detergents were added to the homoge-
nates to a final concentration of 0.5%; the homogenates were
then incubated for 45min on ice with shaking. The membrane
fraction was precipitated by means of centrifugation at 106 × g
for 10min at 4°C. The supernatant containing the cytosolic frac-
tionwas stored at − 80°C until use. The pellet was resuspended in
500 µL of buffer B [50mMHEPES, 50mMKCl, 300mMNaCl, 1mM
DTT, 0.1mM EDTA, 0.1mM PMSF, and 10% glycerol, pH 7.8] and
kept on ice for 30min. After additional centrifugation at 20800 ×
g for 5min, the supernatant containing the nuclear fraction was
removed and stored at − 80°C until use. After extraction, the
presence of proteins in the supernatants was determined with
the aid of the Bradford method [44], with bovine serum albumin
as the standard. Cell lysates were boiled in sodium dodecyl sul-
fate (SDS) sample buffer for 5min before undergoing electropho-
resis (see Western blot assay).
Western Blot analysis for COX-2, iNOS, NF-κB p65,
and STAT3
Equal amounts of protein (30 µg) were loaded onto 10% SDS poly-
acrylamide electrophoresis gel, which was then transferred onto
polyvinylidenedifluoride membranes at 350mA for 120min. The
membranes were blocked for at least 2 h at room temperature in
PBS-0.1% Tween-20 (PBS‑T) 6% w/v nonfat dry milk and then in-
cubated with specific primary antibodies overnight at 4°C. For
iNOS and COX-2, the membranes were incubated with anti-iNOS
(Millipore; 06–573) and anti-COX-2 (Millipore; ABS5118)
polyclonal antibodies (1/1000 dilution). For p65, the membranes
were incubated with anti-p65 polyclonal antibody (1/500) (Santa
Cruz; SC-7151), and for STAT3, they were incubated with anti-
STAT3 polyclonal antibody (1/500) (Santa Cruz; SC-8059). After
being washed three timeswith PBS‑T, themembraneswere incu-
bated with 5% nonfat dry milk and secondary horseradish perox-
idase-linked anti-rabbit or anti-mouse immunoglobulin G
(1:12000 dilution; Sigma-Aldrich). To check for equal loading,
the blots were analyzed for β-actin expression with an anti-β-ac-
tin antibody (1:12000) (Sigma-Aldrich; A2066). After three
washes, the immunoreactive bands were visualized with the aid
of an enhanced chemiluminescence system (Millipore). Densito-
metric data were studied after the blots were normalized to the
control.
RNA extraction and quantification of TNF-α, IL-1β,
IL-6, and VCAM-1mRNA
The total RNA from the powdered colon homogenates was iso-
lated with the aid of RNeasy mini spin (50) columns (Qiagen) ac-
cording to the manufacturerʼs instructions (Sigma-Aldrich). The
concentration of extracted RNAwas calculated by measuring the
optical density at 260 nm. The ratio of the optical density at
260 nm to that at 280 nmwas always higher than 1.8. From each
sample, 0.5 µg of RNA was transformed to first strand comple-
mentary deoxyribonucleic acid (cDNA), and 1 µL of the resulting
cDNA was mixed with 12.5 µL of Red Taq mix and 1 µM primers
(Invitrogen), and completed to 25 µL with RNase-free water with
IL-6 (sense:5′-ATGCTGGTGACAACCACGGCC‑3′; antisense 5′-
GGCATAACGCACTAGGTTTGCCGA‑3′), TNF-α (sense: 5′-AGCC-
CACGTCGTAGCAAACCAC‑3′; antisense: 5′-TAGACGTGCCCG-
GACTCCGC‑3′), IL-1β (sense: 5′-GCTGGAGAGTGTGGATCCCAAG-
CA‑3′; antisense: 5′-AGCGACCTGTCTTGGCCGAGG‑3′), VCAM-1
(sense: TCGCGGTCTTGGGAGCCTCA; antisense: TGACCGTGAC-
CGGCTTCCCA) and β-actin (sense: 5′-GCAGAGCAAGAGAGGCA-
TCC‑3′; antisense: 5′-CTGTGGTGGTGAAGCTGTAG‑3′). The ther-
mocycler (Mastercycler personal) conditions were 94°C for
1min, with an annealing temperature of 60°C for 1min and an
elongation temperature of 72°C for 1min for the first 30 cycles,
followed by an elongation temperature of 72°C for 10min.
After amplification, the PCR products were size fractionated onto
a 2% agarose gel in 1 × TAE (40mM Tris-acetate and 1mM EDTA,
pH 8.0) and stained with 0.1% ethidium bromide. Detectable
fluorescent bands were visualized by using an ultraviolet transil-
luminator (Millipore). The results were expressed as the ratio of
optical density to β-actin.
Statistical analysis
All results are expressed as arithmetic mean ± standard error of
themean (SEM). Datawere evaluatedwith Graph Pad Prisms ver-
sion 5.01 software. Differences amongmeans were tested for sta-
tistical significance with a one-way analysis of variance (ANOVA);
Dunnettʼs t-test served as a post hoc significance test with p val-
ues < 0.05 being considered statistically significant.
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Ethnopharmacological relevance: Pomegranate (Punica granatum L.; Lythraceae) has traditionally been
used for the treatment of various inﬂammatory diseases, including ulcerative colitis (UC). Because its
fruits and extracts are rich in ellagitannins, which release ellagic acid when hydrolyzed, consumption of
pomegranate products is currently being widely promoted for their potential health effects, including the
prevention of inﬂammatory diseases and cancer. To evaluate the anti-inﬂammatory effects of ellagic acid
on dextran sulfate sodium (DSS)-induced acute and chronic experimental colitis in two different strains
of mice and to elucidate its possible mechanisms of action.
Materials and methods: In the acute UC model, female Balb/C mice were treated with DSS (5%) for seven
days while concomitantly receiving a dietary supplement of ellagic acid (2%). In the chronic UC model,
female C57BL/6 mice received four week-long cycles of DSS (1% and 2%) interspersed with week-long
recovery periods along with a diet supplemented with ellagic acid (0.5%).
Results: In acute model of UC, ellagic acid ameliorated disease severity slightly as observed both
macroscopically and through the proﬁle of inﬂammatory mediators (IL-6, TNF-α, and IFN-γ). In the
chronic UC model, ellagic acid signiﬁcantly inhibited the progression of the disease, reducing intestinal
inﬂammation and decreasing histological scores. Moreover, mediators such as COX-2 and iNOS were
downregulated and the signaling pathways p38 MAPK, NF-κB, and STAT3 were blocked.
Conclusions: Our study reinforces the hypothetical use of ellagic acid as an anti-inﬂammatory comple-
ment to conventional UC treatment in chronic UC patients and could be considered in the dietary
prevention of intestinal inﬂammation and related cancer development.
& 2013 Elsevier Ireland Ltd. All rights reserved.
1. Introduction
Inﬂammatory bowel disease (IBD) is a chronic, relapsing,
inﬂammatory disorder of the gastrointestinal tract that encom-
passes two pathologies, namely Crohn's disease (CD) and ulcera-
tive colitis (UC) (Mizoguchi and Mizoguchi, 2008). One of the most
serious complications of UC is colorectal cancer, the appearance of
which seems to be related with chronic inﬂammation of the
intestinal mucosa (Lewis et al., 1999; Pohl et al., 2000). Among
the various pro-inﬂammatory markers involved in the inﬂamma-
tory pathways are nuclear factor (NF)-κB and signal transducer
and activator of transcription (STAT)-3, which could thus be
considered good targets for the disease prevention and therapy
(Youn et al., 2009; Mantovani, 2010). This is especially important
as the potential adverse events and clinical limitations of the
medications currently used to treat IBD call for new therapeutic
agents that effectively induce remission and alter the natural course
of the disease with few or no side effects (Danese, 2012; Dignass
et al., 2010; Meier and Sturm, 2011). The pathogenesis of the
intestinal inﬂammation in UC arises from the interplay of many
factors, with the resulting array of possible triggers and complex
immune responses offering many potential therapeutic targets. In
an attempt to elucidate the mechanisms responsible for IBD, as well
as for their prevention and treatment, a variety of experimental
models has been developed, including the dextran sulfate sodium
(DSS) model of induced colitis. This is an excellent preclinical model
that exhibits many phenotypic features relevant to human UC.
Recently, Sann et al. (2013) published a systematic study of the key
drugs used in the treatment of IBD and their effects on different
colitis parameters; these same authors have also validated the acute
DSS-colitis model. In general, acute colitis is induced in mice by
administering DSS in the drinking water at a concentration ranging
from 1 to 5% for several days. In contrast, exposure to DSS for 1–4
cycles mimics the active and inactive disease, leading to ulceration
of the colon mucosa and the establishment of chronic colitis
(Clapper et al., 2007; Cooper et al., 1993).
A general increase in the use of complementary and alter-
native medicine (CAM), particularly herbal therapies, has prompted
substantial interest among gastroenterologists and other physicians
involved in the treatment of IBD patients (Talero et al., 2012). In fact,
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epidemiological studies have provided convincing evidence on the
biological activities of natural dietary compounds that humans
regularly consume as food (Miles et al., 2005). For example, a diet
rich in polyphenols, which are found in fruits and vegetables, is
strongly associated with a reduced risk for developing chronic
diseases such as cancer and cardiovascular disease (Zamora-Ros
et al., 2011). It stands to reason that one attractive approach for
improving health could be the incorporation either of food rich in
polyphenols or of supplements with natural products from medic-
inal plants into therapeutic regimens. One advantage to this
approach is that these supplements are widely accepted by patients,
in part due to their low toxicity proﬁles (Riso et al., 2013).
Since ancient times, pomegranate (Punica granatum L.) has been
used for medicinal purposes. Both basic and clinical evidence show the
beneﬁts of particular classes of its bioactive substances, speciﬁcally
those found in its juice and juice extracts (Longtin, 2003). Dietary
supplements made from pomegranate extract have been tested in
different animal and cellular models of IBD (Montrose et al., 2011;
Rosillo et al., 2012; Singh et al., 2009). Ellagitannins are the bioactive
polyphenols present in pomegranate; however, the ellagitannins
found in this fruit are not absorbed intact into the blood stream, but
are hydrolyzed to ellagic acid over several hours in the intestine (Gil
et al., 2000). To date, all results indicate that ellagic acid (Fig. 1) is the
principle most likely responsible for the activity of pomegranate-based
supplements. As such, this acid has been the subject of numerous
reports on the anti-oxidative (Park et al., 2011; Priyadarsini et al.,
2002), anti-inﬂammatory (Beserra et al., 2011), antiﬁbrotic (Devipriya
et al., 2007; Kuo et al., 2011), antimutagenic (Berni et al., 2012; Makena
and Chung, 2007), and anticarcinogenic (Bell and Hawthorne, 2008;
Falsaperla et al., 2005; Glauert et al., 2010) activities, either in its free
form as ellagic acid-glycosides or bound as ellagitannins. Rosillo et al.
(2011) reported the protective effect of ellagic acid in a murine model
of CD induced by intra-colon administration of trinitrobenzene
sulfonic acid (TNBS). Ellagic acid reduces the damage in this rat model
of CD, probably through mitogen-activated protein kinases (MAPK)
and NF-κB signaling pathways.
The aim of this study is to gain a better understanding of the
effects of dietary supplementation with ellagic acid on both an acute
and a chronic model of colitis induced by DSS in different mice
strains in order to identify and validate new therapies for the
treatment of IBD.
2. Materials and methods
2.1. Animals and diets
Female Balb/C and C57BL/6 mice (6–8 weeks old) with weights
ranging from 18 to 20 g were provided by Harlan Interfauna Iberica
(Barcelona, Spain). For 7 days before the experiments, the mice were
acclimatized under a 12 h light/dark cycle at 22 1C and 60%
humidity and fed with a standard laboratory rodent diet and water
ad libitum. Our experimental design is unique in that the mice were
fed with standard feed supplemented with the product under study.
Fresh diets were prepared daily according to Giner et al. (2011) by
mixing powdered food with ellagic acid (purityZ95%), which was
purchased from Sigma-Aldrich (St. Louis, MO, USA). When the
mixture was completely homogeneous, water (0.65 mL/g of diet)
and microwave-melted agar (0.2% ﬁnal content in the diet) were
added and mixed well. The food was dried for 24 h and divided into
portions based on an estimated intake of 5 g of dry matter/mouse/
day. The ﬁnal content of ellagic acid in the diet was based on
previous data on ellagic acid and its metabolites which had been
administered orally in various in vivo inﬂammatory or carcinogenic
experimental models (Chao et al., 2009, 2010; González-Sarráas
et al., 2010; Päivärinta et al., 2006). All experiments followed a
protocol approved by the Institutional Ethics Committee of the
University of Valencia (No 108 A1233134999884, 28-01-2009), in
accordance with current Spanish legislation (RD1201/2005) and
Helsinki declaration.
2.2. DSS-induced acute colitis
Acute colitis was induced by adding 5% DSS to the drinking
water of Balb/C mice for 7 days (Fig. 2A). Animals were randomly
assigned to three groups (n¼7–10 mice per group) distributed as
follows: (a) water group: fed with standard feed and given free
access to drinking water; (b) DSS group: fed with standard feed
and given free access to drinking water containing 5% DSS;
(c) DSS-ellagic acid group: fed with standard feed supplemented
with ellagic acid (2% ﬁnal content, w/w) and given free access to
drinking water containing 5% DSS. Because of the severity of this
DSS-induced acute colitis model, a higher number of mice were
used in the DSS group in order to avoid problems of having dead
mice at the end of the treatment. Since the amount of food was
prepared based on an average intake of 5 g of feed per mouse
daily, the amount of ellagic acid administered daily per mouse was
100 mg.
2.3. DSS-induced chronic colitis
C57BL/6 mice were divided into three dietary groups with 7–10
mice each. Chronic colitis was induced by repeated administration
of two 7-day cycles of 1% DSS followed by two 7-day cycles of 2%
DSS (in drinking water) (Fig. 2B). The DSS phases were interrupted
by 1-week periods of free access to drinking water without DSS.
The water group was allowed free access to drinking water
Fig. 1. Chemical structure of ellagic acid.
DSS5%
7Days0
DSS1%
0 7 14 21 28 35 42 49 56 Days
Water
Sacrifice
Sacrifice
DSS2%
Water Water Water
Fig. 2. Overview of experimental protocols in the experimental animal models of
acute and chronic dextran sulphate sodium (DSS)-induced ulcerative colitis (UC).
(A) Acute UC was induced by the administration of drinking water supplemented
by 5% DSS during 7 days ad libitum. (B) Chronic UC was induced by the repeated
administration of 2 cycles of 1% DSS followed by 2 cycles of 2% DSS. Each cycle
consisted of 7 days of DSS followed by 7 days of ordinary tap water.
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without DSS throughout the entire experiment. For 56 days, all
mice were fed with standard feed; in the case of the treatment
group, this was supplemented with ellagic acid (0.5% ﬁnal content,
w/w). The dose ellagic acid assayed was 25 mg daily per mouse,
which is equivalent to approximately 100 mg/kg/day in humans
(7 g ellagic acid daily in a 70-kg person), according to the human
equivalent dose formula (Reagan-Shaw et al., 2008).
2.4. Assessment of colitis
Animal body weights, consumed water volume and food, and
occurrence of diarrhea were recorded daily throughout all the
experiments. Animals were sacriﬁced at the end of treatment by
cervical dislocation. DSS intake did not differ between different
groups of mice (data not shown). To assess the DSS-induced acute
and chronic colitis, colon tissue from the ileocecal junction to the
anal verge was removed from the dead animals, washed with
phosphate-buffered saline (PBS) to remove fecal residues, blotted
on ﬁlter paper, and each specimen was weighted, and its length
was measured. Each colon was scored for macroscopically visible
damage on a 0–4 scale, according to criteria reported previously by
Cooper et al. (1993). The disease activity index (DAI) was deter-
mined according to the parameters outlined in Table 1. Colon
samples used for histopathology and immunohistochemistry were
opened longitudinally along the main axis, swiss-roled from distal
to proximal and ﬁxed with 4% formaldehyde. Colon samples used
for biochemical determinations or for RNA isolation were imme-
diately frozen at 80 1C and subsequently grounded to a ﬁne
powder using a liquid-nitrogen-cooled mortar.
2.5. Histopathology and immunohistochemical analysis
Large intestine specimens were ﬁxed in freshly prepared 4%
formaldehyde in PBS buffer (pH 7.2), embedded in parafﬁn, and
sectioned at 4 mm. Colon sections were stained with hematoxylin
and eosin for histopathological analysis; they were also stained
immunohistochemically to determine the expression of phospho-
STAT3 (pTyr705). Brieﬂy, parafﬁn-embedded slides were deparaf-
ﬁned and rehydrated, which was followed by antigen retrieval
in 10 mM sodium citrate buffer (pH 6.0) for 20 min in the
microwave. Sections were blocked with 10% normal goat serum
and 0.1% Triton and incubated overnight with anti-phospho-STAT3
(pTyr705) immunoglobulin G (diluted to 1:100) in a humidiﬁed
chamber. After the endogenous peroxidase activity was quenched
with 3% hydrogen peroxide (H2O2), immunoreactivity was deter-
mined with the aid of HRP-conjugated secondary antibody (goat
anti-rabbit, 1:200 dilution) for 30 min at 37 1C. The chromogenic
reaction was developed with 3,3′-diamine benzidine (DAB) solu-
tion, with a positive signal being deﬁned as a brown color under a
light microscope. Negative control sections were processed simi-
larly with the omission of the primary antibodies. All images were
taken at 20 magniﬁcation and ampliﬁed with an Eclipse E800
microscope and ACT-1 software (Nikon Instruments Europe,
Badhoevedorp, The Netherlands).
2.6. Determination of myeloperoxidase (MPO) activity
In the model of acute colitis, neutrophil inﬁltration into the
colon was assessed indirectly by measuring myeloperoxidase
(MPO) activity following the method elaborated by Bradley et al.
(1982). A portion of dry, powdered colon samples was weighed
and homogenized (1.5%, w/v) in 80 mM potassium phosphate
buffer (pH 5.4) containing 0.5% hexadecyl-trimethyl-ammonium
bromide (HTAB). The samples were sonicated and centrifuged at
11000 g for 20 min at 4 1C. The MPO activity of the supernatant
was then assessed in 96-well plates by measuring the H2O2-
dependent oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB).
The enzyme activity was determined spectrophotometrically at
450 nm. Values are expressed as MPO units per mg of dry powder
weight of tissue.
2.7. Colon cytokine levels
TNF-α, IL-6, IFN-γ, and IL-1β concentrations in the colon tissue of
mice with acute colitis were measured with the aid of an ELISA kit
used according to the manufacturer's instructions. Brieﬂy, a scoop of
dry powdered tissue was dissolved (20%, w/v) in ice-cold PBS buffer
containing 0.1% Igepal CA-630, as described in a previous study
(Rosengren et al., 2003) and a complete mini EDTA-free protease
inhibitor cocktail was added. Tissues were sonicated for 10 s and
shaken over ice for 45 min. The homogenates were then centrifuged
and the supernatants were collected and stored at 80 1C. Protein
concentrations in the supernatants were determined with the aid of
the Bradford colorimetric method (Bradford, 1976). The concentra-
tions of cytokines were determined through duplication and were
expressed as pg/mg protein.
2.8. cDNA synthesis and reverse transcription-polymerase
chain reaction(RT-PCR) for colon inﬂammation-related cytokine
gene expression
Total RNA from a portion of the powdered colon tissue of mice
with chronic DSS-induced colitis was extracted with the aid of
RNeasy mini spin (50) columns (Qiagen, Hilden, Germany), in accor-
dance with the manufacturer's instructions (Sigma-Aldrich, St. Louis,
Mo, USA). The concentration of isolated RNA was calculated by
measuring the optical density at 260 nm. The ratio of the optical
density at 260 nm to that at 280 nm was always higher than 1.8.
From each sample, 0.5 μg of puriﬁed RNA was used for RT-PCR for
cDNA synthesis using M-MLV RT, 0.5 mM deoxyribonucleotide
triphosphate (dNTP), and a random hexamer (Agilent Technologies,
Santa Clara, CA, USA). To analyze the expression levels of genes, the
oligonucleotide primers (Invitrogen, Carlsbad, CA, USA) designed
from mouse for IL-6 were 5′-ATGCTGGTGACAACCACGGCC-3′ (for-
ward) and 5′-GCATAACGCACTAGGTTTGCCGA-3′ (reverse). The oligo-
nucleotide primers for β-actin used as a house-keeping gene
designed from mouse were, 5′-GCAGAGCAAGAGAGGCATCC-3′(for-
ward), 5′-CTGTGGTGGTGAAGCTGTAG-3′ (reverse). PCR products
were analyzed on 2% agarose gel and visualized with the aid of
0.1% ethidium bromide staining. Detectable ﬂuorescent bands were
visualized by means of an ultraviolet transilluminator. The results
were expressed as the ratio of optical density to β-actin.
2.9. Isolation of cytosolic and nuclear fractions from mouse colons
The cellular subfractionation of proteins was performed follow-
ing the method described by Giner et al. (2011). After extraction,
protein concentration in the supernatants was determined following
Bradford colorimetric method (Bradford et al., 1976) with bovine
serum albumin as the standard.
Table 1
Scoring system to calculate the disease activity index (DAIn).
Score Weight loss Stool consistency Visible blood in feces
0 None Normal None
1 1–5%
2 6–10% Loose Slight bleeding
3 11–20%
4 o20% Diarrhea Gross bleeding
n The DAI value is calculated as the sum of scores of weight loss, stool
consistency, and blood feces.
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2.10. Analysis of COX-2, iNOS, NF-кB p65, IκBα, phospho-IκBα,
STAT3, p38 MAPK, and phospho-p38 MAPK by Western blot assays
Aliquots of supernatants containing equal amounts of protein
(10 mg) were boiled in sodium dodecyl sulfate (SDS) sample buffer
for 5 min, separated by means of SDS-polyacrylamide gel electro-
phoresis, and then electrophoretically transferred onto polyviny-
lidenediﬂuoride membranes at 350 mA for 120 min. After blocking
the membranes, they were then incubated with speciﬁc primary
polyclonal antibodies overnight at 4 1C (Millipore). Each ﬁlter was
washed three times for 15 min and incubated with the corre-
sponding secondary HRP-linked antibody (Sigma-Aldrich). To
prove equal loading, the blots were analyzed for β-actin expres-
sion using an anti-β-actin antibody (Sigma-Aldrich). The immuno-
reactive bands were visualized through an enhanced chemi-
luminiscence system (Millipore). Densitometric data were studied
following normalization to the control.
2.11. Statistical analysis
All values are expressed as arithmetic means7standard error
(S.E.M.). Data were evaluated with Graph Pad Prism Version 5.01
Software (La Jolla, San Diego, CA, USA). Statistically signiﬁcant
differences between the groups were assessed by means of a one-
way analysis of variance (ANOVA) and Dunnett's t-test. Images for
all Western blot and RT-PCR experiments were acquired with the
image analysis system LAS-3000 mini (Fujiﬁlm, Tokyo, Japan).
Digital images were processed and band density measurements
were made with the aid of a Multi Gauge V3.0 software package
(Fujiﬁlm).
3. Results
3.1. Ellagic acid attenuated the severity of acute DSS-induced
colitis in Balb/C mice
In the acute disease model, exposure of Balb/C mice to DSS in
their drinking water induced marked IBD symptoms, including
weight loss and the production of loose, bloody stools as indicated
by the disease activity index (DAI) score (Fig. 3A). Concomitant
treatment with 2% ellagic acid slightly reduced the intensity of
these manifestations of IBD on the last day of treatment, although
the effect was not statistically signiﬁcant. On day 7, the inﬂam-
matory changes in the intestinal tract were associated with a
signiﬁcant increase in the weight/length ratio of the mouse colons
(23.1471.02 mg/cm in the water group vs. 39.1071.64 mg/cm in
the DSS group, Po0.001). This morphological parameter, useful
for assessing colon inﬂammation, showed no signiﬁcant improve-
ment with dietary intake of ellagic acid (33.2871.24 mg/cm
vs. DSS) (Fig. 3B). It should be noted that this acute model
produces IBD symptoms rapidly and dramatically, making it a
highly stringent assay for drug testing.
MPO activity, measured as an indicator of colon inﬁltration, was
highly elevated in animals receiving DSS without ellagic supple-
mentation in comparison to water controls (Po0.001). As is
shown in Table 2, the increase in MPO activity was not attenuated
in mice receiving daily ellagic acid in the diet. Acute colitis injury
induced by DSS administration was also characterized by an
increase of the pro-inﬂammatory cytokines IL-6, IFN-γ, TNF-α,
and IL-1β, (Po0.001 for each). However, after administration of an
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Fig. 3. Effect of 2% ellagic acid supplemented diet on DSS-induced acute colitis in female Balb/C mice. (A) Total DAI score; and, (B) Colon weight-to-length ratio resulting from
DSS (5%) administration and ellagic acid treatment was scored upon termination of the experiment as indicated in Section 2. After 7 days of DSS, colons were harvested and
protein lysates were prepared for immunobloting analysis of (C) COX-2; and, (D) iNOS protein expression by Western blotting techniques using COX-2 and iNOS polyclonal
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t-test. nnnPo0.001 vs. water group; ###Po0.001, nsP40.05 vs. DSS group.
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ellagic acid-enriched diet, the levels of IL-6, IFN-γ, and TNF-α were
signiﬁcantly reduced by 35%, 86%, and 55%, respectively (Table 2).
As a ﬁnal measure of the effects of dietary intake of ellagic acid
in this acute model, levels of cytosolic COX-2 and iNOS expression
were evaluated with the aid of Western blot analysis. Exposure of
mice to 5% DSS led to a strong expression of COX-2 and iNOS
(Po0.001 for both), indicating that the expression of these
proteins may be induced in the acute stages of colon lesion caused
by DSS. However, oral administration of ellagic acid was able to
reduce signiﬁcantly the upregulation of both COX-2 and iNOS
expression by 78% (Fig. 3C) and 31% (Fig. 3D), respectively.
3.2. Protective effect of dietary supplementation of ellagic acid on an
experimental model of chronic DSS-induced colitis
A 56-day model of IBD was used to evaluate the effectiveness of
dietary supplementation with ellagic acid in mice subjected to
multiple cycles of DSS-induced inﬂammation. This chronic model
is similar to the acute model, except that DSS concentration in the
drinking water was lower, with the animals receiving only periodic
exposure to DSS. Throughout the experiment, the treatment group
received 0.5% ellagic acid supplemented in the diet. The body
weight of the mice was monitored every three days as was their
intake of food and drink. The DAI was scored at the end of the
experiment, but only took into account the presence of gross blood
in the feces and stool consistence, since the mice showed no body
weight loss in this model of disease. In fact, mouse body weight
actually increased and was similar for all groups (data not shown).
While exposure of mice to DSS in drinking water caused an
increase in the DAI index, treatment with 0.5% ellagic acid
supplemented in the diet signiﬁcantly lowered this increase
(Po0.05 on day 56) by 24% (Fig. 4A). Macroscopic inspection of
the colon of DSS-treated mice showed evidence of bowel wall
thickening, inﬂammation, and ulcers, as well as an increase in the
colon weight/length ratio compared to mice receiving only water
(49.9871.79 mg/cm vs. 26.3374.62 mg/cm, Po0.001). In con-
trast, daily ellagic acid treatment signiﬁcantly improved colon
architecture, lowering the weight/length ratio by 48% compared to
that of untreated mice (41.3871.89 mg/cm, Po0.05 vs. DSS)
(Fig. 4B).
3.3. Ellagic acid inhibited COX-2 and iNOS expression in C57BL/6
mice with chronic DSS-induced colitis
COX-2 and iNOS expression in the colons of mice with chronic
DSS-induced colitis were assayed in the same manner as described
above for the acute model. The results were similar to those
obtained in the acute model, with elevated COX-2 and iNOS
expression in mice treated with DSS alone compared to water
controls. Ellagic acid (0.5%) supplemented in the diet resulted in
a signiﬁcant reduction of the expression of these enzymes by 84%
and 66% (Fig. 4C and D), respectively (Po0.001).
3.4. Ellagic acid suppressed histological changes in C57BL/6 mice
with chronic DSS-induced colitis
Results from the histopathological scores for all groups of mice
in the chronic model are shown in Fig. 5. Water-treated mice had
morphologically normal colons with no inﬂammation or ulcera-
tion (Fig. 5A). After the fourth DSS cycle, a high degree of chronic
inﬂammation, characterized by crypt abscess and inﬂammatory
cell inﬁltration along with ulceration and muscularis mucosa
affectation, especially in distal sections, was evident in the colons
of DSS-treated mice (Fig. 5B). Dietary supplementation with 0.5%
ellagic acid elicited a profound reduction in the degree of mucosal
ulceration. As shown in Fig. 5C, the colons of mice receiving ellagic
acid exhibited only minimal areas of epithelial damage with less
crypt loss.
3.5. Ellagic acid prevented p38 MAPK phosphorylation in colon
mucosa of C57BL/6 mice with chronic DSS-induced colitis
The expression and activation of p38 MAPK, determined by
Western blot analysis, was examined using phosphospeciﬁc MAPK
antibodies. Administration of DSS resulted in a signiﬁcant increase
in the phosphorylation of p38 protein (Po0.05), indicating that its
activation may be induced in the chronic stage of colon lesion
caused by DSS. However, dietary ellagic acid treatment was able to
diminish p38 MAPK protein activation by 67% (Po0.01) (Fig. 6).
3.6. Ellagic acid inhibited NF-κB-mediated transcriptional activation
and IκBα degradation in colon mucosa of C57BL/6 mice with chronic
DSS-induced colitis
Transcriptional factor NF-κB is one of the most important
mediators in the key proinﬂammatory signaling pathways invol-
ved in colitis (Arulampalam and Pettersson, 2002; Vitor et al.,
2009). In order to evaluate whether ellagic acid also has an effect
on NF-κB activation in our animal model of intestinal inﬂamma-
tion, we used Western blot analysis to investigate levels of IκBα
protein and its phosphorylated form (phospho-IκBα) as well as the
nuclear translocation of p65 protein. We found a statistically
signiﬁcant peak of IκBα-phosphorylation at the end of the DSS
administration period (Po0.01) (Fig. 7A). Dietary supplementa-
tion with ellagic acid signiﬁcantly inhibited the DSS-induced
increase of IκBα phosphorylation and NF-κB-mediated transcrip-
tional activation, assessed through analysis of p65 nuclear trans-
location levels in colon mucosa (Po0.001) (Fig. 7B). These results
indicate that ellagic acid is not only speciﬁc for p38 MAPK, but that
it also targets other elements involved in NF-κB activation.
3.7. Ellagic acid affected the IL-6-STAT3 signaling cascade in colon
mucosa of C57BL/6 mice with chronic DSS-induced colitis
Chronic inﬂammation is a driving force for the initiation and
progression of tumors in many tissues. In fact, the IL-6-STAT3
Table 2
Myeloperoxidase activity and cytokine levels (pg/mg protein) in the colon of mice with acute DSS-induced colitis.
Group MPO TNF-α IL-6 IFN-γ IL-1β
Water 11.5071.84 10.7171.02 50.172.27 21.8970.30 63.2972.60
DSS 25.7572.12nnn 42.9574.14nnn 108.9278.05nnn 55.7876.57nn 151.8275.88nnn
DSSþ2% ellagic acid 23.8073.43 23.6971.94 b 59.04711.24 b 26.5772.04a 135.1877.77
Data are expressed as mean7S.E.M.
nnn Po0.001, signiﬁcantly different from the water group.
a Po0.05, signiﬁcantly different from the DSS group.
b Po0.01, signiﬁcantly different from the DSS group.
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signaling cascade has been shown to be a key regulator of the
proliferation and survival of tumor-initiating epithelial cells.
With this in mind, we determined the mRNA expression level
of the inﬂammatory cytokine IL-6 in the colon homogenate tissue.
Colon tissues treated with DSS alone showed elevated IL-6 mRNA
expression over basal levels whereas dietary supplementation
with ellagic acid considerably reduced colon mRNA expression of
IL-6 (Fig. 8A), the levels of which have been correlated with
disease severity. We then set out to determine whether this effect
could be mediated trough the STAT3 pathway. Western blot
analysis showed that ellagic acid exerted a signiﬁcant inhibitory
effect on DSS-induced phosphorylation of STAT3 at Tyr705
(Fig. 8B). Likewise, immunohistochemistry staining of phosphory-
lated STAT3 revealed that DSS-induced STAT3 phosphorylation
Water DSS DSS + 0.5% Ellagic acid
×4
×10
Fig. 5. Effects of ellagic acid on distal colorectal histology in mice with DSS-induced chronic colitis. Histological changes were determined by hematoxylin and eosin staining.
The microscopic photographs are the representative case of groups. (A) Water group showing normal histology of mice colon; (B) Mucosal injury produced after DSS
administration with distortion of crypts, erosions of the epithelial, loss of globet cells as well as severe mononuclear cell inﬁltration in lamina propria; (C) DSSþellagic acid
samples showing a reduction in the morphological alteration associated to DSS treatment. Dietary ellagic acid (0.5%) treatment keeps colonic architecture and reduce
epithelium loss. For this assay 3 mice per group were used.
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appears predominately in the nuclei of the colonocytes (Fig. 8C).
Ellagic acid was able to abolish its expression as compared with
the DSS-treated group.
4. Discussion
In the present study, administration of DSS resulted in the
development of colitis assessed macroscopically, histopathologi-
cally, and in terms of DAI. Treatment with ellagic acid incorporated
into the normal diet (0.5%) of mice signiﬁcantly protected against
alterations to the colon induced by repeated administration of DSS.
However, in the acute model of UC, ellagic acid led only to a very
slight amelioration of several disease activity parameters. This
modest effect of treatment with ellagic acid on the clinical signs of
the disease included decreases in COX-2 and iNOS protein expres-
sion as well as a reduction in the levels of pro-inﬂammatory
cytokines such as IL-6, TNF-α, and IFN-γ in the colon mucosa of
Balb/C mice suffering from this acute inﬂammatory condition. In
the chronic model, colitis was achieved by the cyclic administra-
tion of a lower dose of DSS, resulting in a milder inﬂammation
than that of the acute model. In this model, the effects of dietary
ellagic acid on the reduction of the extension of colitis were
signiﬁcant, accompanied by a signiﬁcant decrease in the weight/
length ratio of the colon after 56 days of treatment. Ellagic acid
was effective at even lower doses when the DSS concentration was
reduced and it was administered over a longer period. Two
possible factors may be responsible for this difference. First, our
ﬁndings suggest that the treatment period in the acute model of
colitis was too short for the drug to be effective. Second, oral
administration is not the best strategy for ellagic acid. Soh et al.
(2009), for example, observed that the activity of orally adminis-
tered ellagic acid (1 g/kg/day) in a 4-day malaria treatment was
poor compared with a lower dose administered intraperitoneally.
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In contrast, Singh et al. (2009) reported a protective effect for the
hydroalcohol extract of the ﬂowers of pomegranate and its ellagic
acid-rich fraction (100 and 200 mg/kg, p.o.) in DSS-induced colitis in
mice, while Ogawa et al. (2002) demonstrated that oral adminis-
tration of microspheres of ellagic acid protects against DSS-induced
UC in rats. Lei et al. (2003) studied the pharmacokinetics of ellagic
acid in rats after oral administration of pomegranate extract. These
results indicated that ellagic acid has poor absorption and under-
goes rapid elimination after oral administration.
Ellagic acid is a weak acid, which is ionized at physiological pH
and is poorly water soluble (water solubility of ellagic acid
E9.7 μg/mL) (Bala et al., 2006). It should be noted that non-
water soluble compounds are often difﬁcult to process into dosage
forms that afford adequate oral bioavailability for clinical studies
and commercialization. In our study, 5 g/kg/day was not sufﬁcient
for preventing acute inﬂammation, but when ellagic acid was
administered daily throughout the 56 days of disease progression
in the model of chronic colitis, it was more effective. To this fact
should be added the dramatically high dose of DSS used in the
study as well as variations in the susceptibilities of the different
mouse strains used in both models; in a severe inﬂammation
model, the beneﬁcial effects would be more difﬁcult to observe,
with the genetic backgrounds of the different strains of mice
leading to signiﬁcant susceptibility variations between them
(Mähler et al., 1998). In fact, the different results obtained in
Balb/C and C57BL/6 mice in response to DSS administration
has been previously reported (Melgar et al., 2005), with the
establishment of a suitable mouse strain for each inﬂammation
model studied.
We have demonstrated that daily treatment with dietary ellagic
acid signiﬁcantly reduces COX-2 and iNOS expression in colon
tissue in a chronic model of DSS-induced colitis. These data are
consistent with those of other studies conducted by Rosillo et al.
(2011), in which ellagic acid administration reduced the expres-
sion of both COX-2 and iNOS in a model of CD induced by
administration of TNBS in rats.
MAPK transmits extracellular inﬂammatory signals to intracel-
lular responses. These are components of the signaling cascades in
which various extracellular stimuli converge to initiate inﬂamma-
tion. In particular, p38 MAPK mediates phosphorylation of tran-
scription factors, thereby regulating gene expression and the
induction of cytokine production to participate in intestinal
inﬂammation, cytokine production, and T cell activation in IBD.
The activity of p38 MAPK has been shown to be higher than
normal in patients suffering from IBD (Feng and Li, 2011). Indeed,
Hollenbach et al. (2004) found that the p38 MAPK inhibitor
SB203580 ameliorated histological alterations and improved the
clinical score of mice in a DSS-induced experimental model of
colitis. Blockade of p38 phosphorylation with SB203580 also
decreased the expression of adhesion molecules and secretion of
chemokines. Despite the obvious side effects of p38 MAPK
inhibitors, which limit their application, it is clear that p38 MAPK
is activated in patients with UC and that its inhibition can
effectively suppress the production of pro-inﬂammatory cytokines
Fig. 8. Effect of daily dietary supplementation of 0.5% ellagic acid on IL-6 expression, and STAT3 activation in the colon tissue of mice with DSS-induced chronic colitis.
(A) Colonic IL-6 pro-inﬂammatory cytokine mRNA expression was analyzed by conventional reverse-transcription polymerase chain reaction (RT-PCR) assays. β-Actin was
used as an internal control. The relative intensity was calculated using imaging software and considering the DSS group as having 100% expression; (B) Western blot
representing the cytosolic protein expression of phospho-STAT3 (pTyr705) and total STAT3. Right graphs showing the ratio of the relative density of the bands for both
enzymes; (C) Phospho-STAT3 (pTyr705) in colon sections on day 56 from mice treated with cyclic DSS was determined by immunohistochemistry. Representative images of
four mice per group. Original magniﬁcation 20. Positive staining is more intensive brown colored. Data are expressed as the mean7S.E.M.; n¼7–10. The statistical
signiﬁcance between values for each group was assessed by Dunnett's t-test. nPo0.05, nnPo0.01 vs. water group; ##Po0.01 vs. DSS group.
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and extenuated intestinal inﬂammation. We observed dramatic
activation of p38 MAPK during the development of chronic colitis.
As expected, treatment with ellagic acid resulted in a strong
inhibition of phospho-p38 MAPK expression, in agreement with
a study conducted by Rosillo et al. (2012), who reported a
reduction in the activation of p38 by ellagic acid in an experi-
mental murine model of CD. In more recent research, after
carrying out a genome gene expression meta-analysis of the colon
mucosa of IBD patients, Van Beelen Granlund et al. (2013)
demonstrated that there is a similarity between the gene expres-
sions in the inﬂamed mucosa of UC and CD patients. This suggests
that once established, the inﬂammatory mechanisms at the
mucosal level are largely the same for both diseases.
A key regulator of inﬂammation is NF-κB, a transcription factor
that is normally sequestered in the cytoplasm (Campbell and
Perkins, 2006). When activated, NF-κB translocates into the
nucleus where it regulates the expression of a multitude of genes
related to pro-inﬂammatory mediators such as cytokines, chemo-
kines, and adhesion molecules, which in turn mediate the recruit-
ment and activation of immune cells (Karrasch and Jobin, 2008).
NF-κB plays a critical role in the pathophysiology of IBD. It is
markedly activated in the inﬂamed gut, especially in macrophages
and epithelial cells, to the point that the degree of NF-κB activa-
tion correlates with the severity of intestinal inﬂammation (Rogler
et al., 1998). Given its strategic position in the inﬂammatory
process of IBD, NF-κB is considered an excellent target for the
development of pharmacological agents for IBD (Atreya et al.,
2008). In the DSS-induced model of chronic colitis, we found
detectable quantities of translocated NF-κB p65 in the nuclear
extracts whereas the translocation of the p65 subunit into the
nucleus was inhibited by ellagic acid. This can be attributed to its
ability to prevent IκBα degradation.
One of the main cytokines involved in the chronic phase of
colitis is IL-6, which is produced mainly by lamina propria CD11bþ
macrophages and CD4þ T cells. Functionally, IL-6 has been
identiﬁed as a major regulator of disease activity because it
directly stimulates the survival and proliferation of intestinal
epithelial cells in the inﬂammation setting, thereby promoting
tumor formation (Becker et al., 2004). In a study conducted by
Sánchez deMedina et al. (2010), the authors hypothesized, that
downregulation of the gene expression of this cytokine could be a
potential therapeutic strategy to contribute to the resolution of
colitis. Previously, an experiment blocking the IL-6 receptor
demonstrated that IL-6 plays an important role in the develop-
ment of colitis by activating the STAT3 signaling pathway (Atreya
et al., 2006). This IL-6-dependent transcription factor is believed to
be involved in the progression rather than in the initiation of the
disease and it has been shown to mediate apoptosis resistance in
chronic intestinal inﬂammation (Atreya, 2000). Thus, a growing
body of evidence indicates that strategies targeting the IL-6/STAT3
cytokine signaling pathway have the greatest potential for effec-
tively treating IBD. Our data conﬁrm the results of other studies in
which ellagic acid treatment inhibited the production of IL-6
(Umesalma and Sudhandiran, 2010). Furthermore, our results
provide evidence that this inhibition takes place at the transcrip-
tion level. As expected, the expression of phosphorylated colon
STAT3 was also drastically reduced in ellagic acid-treated mice
exposed to DSS.
Numerous agents isolated from natural sources have shown
anti-inﬂammatory activity by blocking NF-κB (Nam, 2006). Some
of them, such as curcumin (Zhou et al., 2011) or shikonin (Andújar
et al., 2012), also suppress the STAT3 pathway, which suggests that
they have multiple targets. Ellagic acid, which targets both NF-κB
and STAT3 pathways, has been shown to be quite safe and should
thus be considered a good candidate as an anti-inﬂammatory
complement to conventional UC treatment. Indeed, it may serve as
a starting point for the development of drugs not just for preven-
tion, but also for treatment of human IBD (Holt et al., 2005).
In conclusion, our results support the hypothesis that even at
the very low concentrations achieved in the gut through oral
administration, ellagic acid is able to exert anti-inﬂammatory
effects on the intestine and contribute to the prevention of the
development of chronic UC.
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